Introduction 4 8
The F-type ATP synthase is a ubiquitous nanomotor present on the inner membrane 1 0 0 with atovaquone, a potent inhibitor of mitochondrial electron transport chain (mtETC), 1 0 1 results in inhibition of ATP synthesis and parasite growth (EC 50 < 10 nM) [38] . subunits -c and OSCP -can be identified by sequence [25] [26] [27] . Characterization of F-type 1 0 7 ATP synthase from solubilized mitochondria lysates of the human malaria parasite 1 0 8
Plasmodium falciparum revealed that the enzyme assembles into monomer and dimer forms 1 0 9
[26]. This suggests that a full complement of subunits, typical for the eukaryotic enzyme, is 1 1 0 present in P. falciparum and likely in other apicomplexan parasites as well. Here, we have investigated the subunit composition of the enzyme from T. gondii. We 1 1 2 were able to identify and partially purify the F-type ATP synthase enzyme complex from 1 1 3 solubilized mitochondrial preparation of T. gondii using blue native PAGE separation, by 1 1 4 immuno-precipitation and by chromatographic enrichment. LC-MS analysis of the enzyme 1 1 5 preparations revealed the identity of the proteins associated with the T. gondii F-type ATP 1 1 6 synthase. We have identified 20 novel proteins (of unknown function) as being bona fide 1 1 7 subunit constituents of T. gondii F-type ATP synthase based on consensus from multiple and 1 1 8 independent experiments. Phyletic profiling revealed that orthologs for many of these Phylogenetic analysis reveals conserved F-type ATP synthase subunit composition in three 2 6 9 major alveolate taxons -From our ortholog identification protocol, and from previous studies 2 7 0 [27, 41] , it was apparent that the F-type ATP synthase subunits missing from T. gondii were 2 7 1 also missing from all other species grouped within the Alveolata infrakingdom. In fact, the 2 7 2 novel subunit components identified from Tetrahymena (Alveolata; Ciliophora) enzyme were 2 7 3 found to be unique to ciliates and not conserved in other alveolate organisms [8] . Therefore, 2 7 4 we were interested in finding out whether the novel ASAPs identified in this study are unique 2 7 5 to T. gondii F-type ATP synthase. Interestingly, we were able to identify orthologs for many 2 7 6 of the ASAPs in three major alveolate taxons -Apicomplexa, Chromerida and Dinoflagellata 2 7 7 ( Fig 7) . A list of all orthologs identified from selected species belonging to these taxon are 2 7 8
given in S2 Table. Out of the 20 ASAPs, 15 were conserved in all apicomplexan clades, 2 7 9 except in case of Cryptosporidium, where only C. muris contained orthologs for 10 of these 2 8 0 proteins. A few ASAPs were unique to the Coccidian clade. More importantly, all ASAPs, 2 8 1 except one, were conserved in Chromerida, and at least 9 and 12 ASAPs were also conserved 2 8 2 in Symbiodinium and Perkinsus respectively. To obtain further insights on the evolutionary origin of these proteins, we generated outgroups while constructing the phylogenetic trees for the highly conserved F 1 subunits.
9 0
Even though the topology of most trees did not reflect the expected evolutionary relationship 2 9 1 between the included species, monophyletic grouping was observed in general at the taxon 2 9 2 level, and importantly, this was evident for the conserved F 1 / F O subunits, as well as the 2 9 3 novel ASAPs (S5 Data). Thus, the evolutionary origin of the newly identified highly 2 9 4 divergent ASAPs in Apicomplexa, Chromerida and Dinoflagellata clades appears to be 2 9 5 ancient.
9 6
Essentiality and gene co-expression analysis of ASAPs from T. gondii and P. falciparum -2 9 7
Due to the functional importance of the F-type ATP synthase enzyme, it is reasonable to 2 9 8 expect that the enzyme would be essential in T. gondii. This is indeed the case, and all known 2 9 9 subunits and ASAPs (except ASAP-19 and 20; Fig 7) of the enzyme were found to be 3 0 0 essential in a previous study [50] . In order to obtain further independent evidence for ASAPs 3 0 1 as bona fide subunits of F-type ATP synthase, we carried out transcriptome co-expression 3 0 2 correlation analysis using publicly available gene expression datasets for T. gondii and P. falciparum transcriptome datasets (Fig 8) . This finding further supports the fact that the novel Mitochondrial oxidative phosphorylation is an important source of ATP in most 3 1 3 eukaryotic organisms, and is facilitated by the multimeric F-type ATP synthase enzyme with other accessory subunits helps in holding the α 3 β 3 catalytic core in place while the In addition to the core subunit composition described, other accessory proteins [19,55,56]. In fact, the dimer form of the enzyme appears to facilitate cristae formation by the 3 3 4 inner mitochondrial membrane [21, 22, 24] and is implicated in maintenance of the 3 3 5 mitochondrial membrane potential [57] . However, the identity of the proteins responsible for 3 3 6 dimer formation has not been ascertained in most species. In case of the yeast enzyme, 3 3 7 subunits e, g, k were identified as dimer specific components, and studies with genetic 3 3 8 mutants revealed that subunits e and g are essential in dimer formation [19, 20] . Orthologs for 3 3 9 these proteins are present in mammalian species as well. synthase revealed that the average molecular size of the dimer and monomer form of the 3 4 2 enzyme is around 1 MDa and between 500 -600 kDa, respectively [19] . Given the complex 3 4 3 structure and assembly of the enzyme, the expected number of protein subunits in an intact 3 4 4 dimer is around twenty, based on yeast and mammalian enzyme compositions [10, 11] . identified from sequence. This is especially true for a variety of unicellular eukaryotes, 3 4 8 including many free living and parasitic protists, as evident from KEGG data (kegg.jp).
4 9
Comparative genomics studies revealed that orthologs for yeast and mammalian F O subunits, with Apicomplexa, this appears to be the case for all other taxa belonging to the alveolata 3 5 2 infrakingdom. A study on the subunit composition for F-type ATP synthase from the ciliate The P. falciparum enzyme was identified in dimer form with a molecular size of > 1 3 5 7
MDa, confirming the presence of novel F O subunits [26] . This study also revealed that the 3 5 8 enzyme is essential in P. falciparum. However, in case of P. berghei, F 1 subunit β was found 3 5 9
to be essential for development in mosquito, but not for survival of blood stage parasites in 3 6 0 mammalian host [58] . Studies with metabolic mutants in T. gondii have revealed that synthesis is also likely essential for formation and maintenance of tissue cyst forms of T. parasites, not much is known about its subunit composition, structure and function in these 3 6 6 parasites.
6 7
In this study, we have successfully identified the subunit constituents of F-type ATP proteins which may be involved in dimer formation. Importantly, we were able to identify presence of an extended helix that spans the distance between the membrane and the α 3 β 3 3 8 1 catalytic core. Although there was very poor sequence conservation, very high structural 3 8 2 similarity (>97% probability in HHPred assignment) can be found between yeast and T. enzyme is needed to verify these findings. were found to be essential in T. gondii, in a genome wide CRISPR/Cas9 mediated gene 3 9 0 knockout screen [50] (Fig 7) . In the same study, some ASAPs were shown to be localized in 3 9 1 the mitochondrion. We interrogated the mitochondrial localization for all subunits of T.
3 9 2 gondii F-type ATP synthase by first considering evidence from in silico prediction of 3 9 3 mitochondrial localization signals, followed by experimental localization of selected ASAPs 3 9 4 (Fig 7) . We also obtained confirmation for mitochondrial localization of all but two ASAPs independent study, Dr. Ross Waller, University of Cambridge, UK; personal 3 9 7 communication). Further, we found that the transcript co-expression for the subunits of F-3 9 8 type ATP synthase was highly correlated, independently in both T. gondii and P. falciparum 3 9 9 transcriptome datasets (Fig 8) , thus providing additional evidence for functional interaction 4 0 0 between these proteins across apicomplexan parasite taxa. In summary, evidence from gene conclusion, we find that many of the ASAPs are also conserved in two other alveolate Molecular reagents and methods -Genomic DNA and total RNA from tachyzoite stage T. (Germany); cDNA was prepared from total RNA using the reverse transcription kit from 4 2 0 Thermo Fisher Scientific (USA). The manufacturer's protocol was followed while using the 4 2 1 various kits. Polymerase chain reactions (PCR) was done using a proof reading DNA 4 2 2 polymerase obtained from Takara Bio (Japan), and all primers used in this study (S3 Table) 4 2 3 were obtained from Integrated DNA Technologies (USA). Ligase and various restriction 4 2 4 endonucleases were purchased from New England BioLabs (USA) or Promega (USA). immediately inoculated into a T25 flask containing HFF monolayer and allowed to invade and replicated for 12-15 hours before beginning drug selection with 1 µM pyrimethamine. For ectopic expression of cDNA with HA tags for selected genes, RH parasites were of mtETC, was used to specifically inhibit mitochondrial ATP synthesis. (Carl Zeiss, Germany), and images were processed using the Zen software (Carl Zeiss, proteins were visualized by immunofluorescence staining, using rabbit α-HA primary 4 9 8
antibodies (1:1000) followed by Alexa 488 conjugated goat anti rabbit secondary antibody 4 9 9
(1:1000), both purchased from Thermo Fisher Scientific, USA. After fixing, the cells were 5 0 0 permeabilized for 5-10 minutes using 0.25% Triton X-100 in 1X PBS. They were then treated 5 0 1 with 2% fetal bovine serum in 1X PBS for 30 minutes, followed by primary antibody for 1 h, 5 0 2 3X wash with 1X PBS containing 0.25% Triton X-100, and secondary antibody for 1 h.
0 3
Finally, the cells were washed 3X with 1X PBS containing 0.25% Triton X-100, followed by 5 0 4 a water wash, before mounting the cover slip on glass slides for imagining. For Western blotting, purified mitochondria were solubilized in 1X Laemmli buffer (120 mM 5 0 7
Tris-HCL pH 6.8, 2% SDS, 10% glycerol and 0.01% w/v bromophenol blue) and resolved by For in-gel ATPase assay, after sample separation by BNP, the gel was incubated overnight in Reimplemented MPI Bioinformatics Toolkit with a New HHpred Server at its Core. J 8 0 8
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